In this study, we theoretically and experimentally explore the acoustic leak of an entire acoustic system as well as the various gap occurring between a gasket and flange. We conducted the first-ever fundamental research related to sound transmission loss through a narrow gap between a gasket and flange. In the experiments, we constructed pipeline elements, including the gap and the leakage path, in the impedance measurement tube. In the theoretical analysis, we replaced the fluid path, including the gap, with acoustic elements that comprise an electrical equivalent circuit. We then conducted the analysis using the transfer matrix method. To calculate the attenuation of sound waves propagating through the gap, we considered friction in association with viscosity, primarily in the boundary layers of the inner wall, to derive the characteristic impedance and propagation constant. The trends between the calculated and the actual experimental values for transmission loss in the entire acoustic system coincided enough with regard to a large gap size range between 0.01 and 0.2 mm. Furthermore, the transmission loss linearly increased with the decreasing logarithm of gap for the calculated regions. Furthermore, the theoretical analysis and experimental results show agreement for incline gap conditions between the gasket and flange. The maximum gap also greatly affects the acoustic transmission loss for the inclined gaps. This was confirmed both by the experimental and the calculated values. We consider that these results provide fundamental acoustic knowledge specific to the narrow gap between the gasket and flange in an acoustic system.
Introduction
A gasket is a mechanical element used to prevent fluid leaks by occupying open spaces and squeezing on flange couplings around pipe connections. There are three types of gaskets, namely non-metal, semi-metal, and metal gaskets. The relationship between contact pressure and leak amount has been identified through observations of the air-tight surfaces between the flange surface and metal gasket (Nitta, et al., 2013) , (Nitta, et al., 2014) . Examples of methods that use acoustics to detect leaks in pipe lines include those that utilize ultrasound or audible sound, wherein correlation methods that are capable of specifying the leak location are put to practical use (Fukuchi, et al., 1999) , (Sadamoto and Murakami, 1999) . Additionally, we have proposed a method for constantly monitoring the leaks and damage that have occurred in hollow optical fibers using only sound-pressure-related information (Sakamoto, et al., 2011a) , (Sakamoto, 2011b) .
Therefore, it is important to understand the relationship between the acoustical leak and gap that occur between the gasket and flange. In this method, relatively low-frequency sound from loudspeaker is used instead of ultrasonic sound or noise of gas leaking. Methods that utilize acoustics are characteristic in that they do not require any application of pressure to the pipeline. For these reasons, partial inspection can be conducted before the completion of the pipeline.
The specimen used in the measurement and the measurement equipment
We created simulations for the gap that occur between the gasket and flange areas as the specimen for a basic experiment. We then measured the sound transmission loss in this gap area, and found the relationship between transmission loss and each of the conditions by performing experiments while altering the width and thickness of the gap. We used "four microphone impedance tube" to measure the transmission loss.
Figure 1(a) shows the flange used in the experiment. Table 1 shows the specifications associated with the metal gaskets. Additionally, Fig. 1(b) shows the shape of the gasket, with the inner and outer diameter of 28 and 38 mm, respectively as described in Table 1 . We referred to the nominal pressure of 10 K (maximum usable pressure is 0.98 MPa) provided in JIS B2220 for the dimensions of the flange. We used a base disk that had a hole with a diameter equal to the inner diameter of the gasket to mount the flange and gasket to the impedance tube. Table 2 shows the specifications for the base disks. In addition, Fig. 2 shows the shape of the base disk with an inner diameter of 28 mm. One vital contact surface of these specimens is that they have undergone precision planar grinding processing (R z ≈1 μm, without significant waviness).
We inserted spacers, which were used to set gap with an arbitrary thickness, between the gasket and flange. We positioned the spacers in three locations as shown in Fig. 3 . The spacers had various thicknesses: 0.01, 0.02, 0.05, 0.09, and 0.2 mm. To avoid damaging the surfaces of test samples, plastic materials were used as spacers. Figure 4 shows a cross-section of the entire outside of the specimen that combines these parts together. Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) Figure 5 shows the configuration composition of the equipment used to measure the transmission loss. We sandwiched and attached the base disk between the Brüel & Kjaer 4206T four microphone impedance tube. Sinusoidal wave signal were output by signal generator that came installed in the fast Fourier transform (FFT) analyzer. We used the FFT analyzer to analyze the cross-spectrums between the sound pressure signals measured using four microphones (two on each side of the base disk). We then calculated the normal incidence transmission loss using these cross-spectrums while complying with ASTM E2611-09.
In this study, an impedance tube was used to accurately measure acoustic transmission loss over a wide frequency range. Figure 6 shows an example of the application. A method of avoiding background noise recommends generating large sound pressures such as burst waves and measuring the sound wave through the microphone of the detection device. The difference in arrival time on account of propagation speed of burst waves makes it possible to eliminate solid-borne sound. This method also avoids the problem of mass law in the device, as shown in Fig. 4 .
When Fig. 4 and Fig. 6 were compared, there was a difference in the direction of the sound waves propagating through the gap of the gasket. Equation 11 indicated that there was not much difference in the transmission loss in both propagation directions.
3. Theoretical analysis 3.1 The gap in the circular-shaped sandwiched space Figure 7(b) shows the gap in the circular-shaped sandwiched space where the gap between the gasket and flange is uniform. We approximated the gap in the rectangular sandwiched space shown in Fig. 7 (c) to obtain the propagation constant and the characteristic impedance for the gap. Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) 
Sound transmission loss
We performed the analysis of each of the acoustic elements using a transfer matrix method that relates to the volume velocity and sound pressure that is based on a one-dimensional (1-D) wave equation. Here we used the propagation constant γ, characteristic impedance Z c , length l, and cross-sectional area S for each of the acoustic elements to express the transfer matrix T, and four-terminal constants A-D as shown in Eq. (1).
(1) Figure 8 (a) shows the cross-section of a specimen that has been separated by the acoustic elements. Figure 8 (b) shows a specimen wherein the acoustic elements from Fig. 8 (a) have been replaced with equivalent circuits. The colors shown in Fig. 8(a) correspond to the colors of the transfer matrix in Fig. 8(b) . If we set T 1 , T 2 , T 3 , T 4 , and T 5 as the transfer matrix for each of the acoustic elements, then we can express the transfer matrix, wherein these have been connected in cascade, as Eq. (2). Equation (2) can be expressed using the four-terminal constants found in Eq. (3).
Although this also related to the next section, Table 3 shows the dimensions that were used in the calculations for each of the acoustic elements. We used the same kind of analysis as used for T 4 when taking into consideration the shapes of T 1 -T 3 . Additionally, T 5 is treated as a simple circular tube. Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) We substituted the dimensions that correspond to l, a, and b in Fig. 9 in the next section for T 1 -T 4 in order to obtain the propagation constant γ and the characteristic impedance Z c that correspond to each element. Here, S is the product of a and b. We were able to obtain the four-terminal constants that correspond to T 1 -T 4 by substituting each of these into Eq. (1).
In addition, with regard to T 5 , if we ignore the attenuation in the sound waves, then the characteristic impedance Z c will be replaced by the product of the characteristic impedance c for air and imaginary unit, and the propagation constant γ will be replaced with the wave number k. Here, represents the density of air, c represents the speed of sound in air. Additionally, we added a factor of 0.7 times of the radius to tube length l as an open-end correction for the bottom end (Benade, 1967) .
Equation (4) represents the sound transmission loss that includes a gap that uses the four-terminal constants from Eq. (3). Here, the cross-sectional area S Itube of the impedance tube in front of and behind the specimen is reflected in the calculation results using Eq. (4).
(4)
Propagation constant and characteristic impedance in the gap
The sound transmission loss that occurred in the gap area between the gasket and flange increased drastically as the gap became smaller. The attenuation of the sound waves in the gap was caused by friction based on the viscosity, primarily in the boundary layers of the inner wall. This report approximates the shape of the gap as a flat sandwiched space in order to theoretically analyze the gap that occurred between the gasket and flange.
The attenuation constant has been experimentally obtained for tubes with radii of 20 mm or greater with regard to the attenuation of the sound wave within the tubes (Suyama and Hirata, 1979 ). Tijdeman performed a theoretical analysis of circular tubes while taking the viscosity of the boundary layers into consideration (Tijdeman, 1975) . Additionally, we referenced Stinson and Beltman to derive the propagation constant for the gap in the flat planar space (Stinson and Champou, 1992) , (Beltman, et al., 1998) . Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) In this research, we applied the aforementioned Beltman method for the Cartesian coordinate system in order to consider the attenuation in the sound wave within the gap in the sandwiched space. Figure 9 shows the characteristic impedance and the propagation constant, which were calculated by applying the Navier-Stokes equations, continuity equation, gas state equation, and energy equation for the Cartesian coordinate system.
Here, we supposed the air was a compressible fluid, and the air viscosity is constant. The boundary conditions were set to 0 for particle velocity in the y-and z-direction for the walls in the gap, and isothermal walls were used.
Below, we can see a propagation constant that considers attenuation. Here, k represents the wave number,  represents the ratio of specific heat,  represents in the square root of the Prandtl number, s represents the ratio of gap thickness to velocity boundary layer thickness, μ represents the air viscosity and ω represents the angular frequency. (5) Next, we can see the characteristic acoustic impedance Z c in the gap in the sandwiched space that considers attenuation. If we set the x-component for the particle velocity of the traveling waves and sound pressure to u + and p + , then the characteristic acoustic impedance Z c will be expressed as: (6) Equations (7) and (8) show the u + and p + inside the sandwiched spaces where attenuation occurred. Here, P s represents atmospheric pressure, β represents an arbitrary constant.
The above equations show us how to obtain the characteristic acoustic impedance Z c and the propagation constant γ for the gap in the sandwiched spaces where attenuation was considered. If we replace the γ and the Z c from these equations and substitute them for those in Eq. (1), we can derive the 3-D analysis results that relate to the gaps in the sandwiched spaces in the 1-D transfer matrix . Fig. 9 Cartesian coordinate system for parallel space surrounding by a pair of planes
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Transfer matrix T 4 in the case of inclined clearance
This section addresses the experimental and calculated values when the gap between the gasket and flange is inclined.
In the experiments, the gap was inclined by thinning one of three spacers. Figure 10 shows the gasket and the three spacers for the inclined gap condition. Here, b s1 is the thickness of one thin spacer, and b s2 is the thickness of the two thick spacers.
To determine the inclined gap, we calculated the thickness of the gap along its circular circumference. We then calculated the thickness of the inclined gap b i , corresponding to the angle  i in Fig. 10 , by the basic geometric equation
as follows: Fig. 10 Arrangement of the three spacers
The calculated distribution of the thickness of gap b is shown in Fig. 11(a) , as approximated by decomposition as in Fig. 11(b) , to obtain the propagation constant and characteristic impedance of the gap. Here, the actual number n to be divided is 2000. In Fig. 10 , the transfer matrix of each divided element is derived by substituting b i and a/2000 for b and a, respectively.
It therefore follows that the transfer matrix in Fig. 11(b) can be expressed as the equivalent circuit in Fig. 12 by the parallel connection of the transfer matrices T bi for each n clearance of the parallel pairs of planes (Sakamoto, et al., 2015) . In this case, each decomposed element is considered as an independent clearance so that the propagation of the sound pressure and particle velocity between the elements is ignored (Verdière, et al., 2013) . 
Calculation results for characteristic acoustic impedance and propagation constant
Figures 13-16 show the calculation results for the characteristic acoustic impedance Z c and the propagation constant γ. The dimensions for the gasket used in the calculation of these results were 38 and 28 mm for the outer and inner diameter, respectively. Here, the real part was converted to the attenuation constant and the imaginary part was converted to the phase velocity for the propagation constant, and both the real and imaginary part were normalized using the characteristic acoustic impedance c for air, for the characteristic acoustic impedance. Figure 13 shows an attenuation that increases with increasing frequency, however Fig. 14 shows that sound velocity decreases with decreasing frequency. Additionally, Figs. 15 and 16 show the real and imaginary part of the characteristic acoustic impedance, which approach 1 and 0, respectively, with increasing frequency. This is the same type of trend as seen in porous sound absorbing materials that can ignore structure-borne sound (Koshiroi and Tateishi, 2012) .
When the gaps are small, the degree of attenuation becomes extremely large as shown in Fig. 13 , and the sound velocity becomes extremely slow as shown in Fig. 14. Additionally, when the gap is small, the value of the characteristic acoustic impedance Z c found in Figs. 15 and 16 deviates from 1, being the characteristic acoustic impedance for air. These are the same generally known trends found in porous sound absorbing materials as well. Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) 
Comparing the calculation and the measurement results

Gasket with a 28 mm inner diameter
Figures 17-19 show the comparison of the actual experimental values with the calculated values when altering the conditions for the gap between the gasket and flange with a base disk that had an inner diameter of 28 mm. Each of the figures also shows the values for transmission loss that were calculated on the basis of mass law while using the surface density of the base disk. The transmission loss, which is based on the mass law, has been expressed using the equation below (Beranek, 1971 Systems, and Manufacturing, Vol.10, No.4 (2016) for experimental and calculated values. On the basis of the calculated value, we know that transmission loss will be large when the sound wave attenuation is estimated to be large and when the gap is small. When the gap size was 0.02 mm or less, the curves for the actual experimental value were not smooth. With respect to the gap of 0.02 mm, the calculation and experiment results showed equivalent trends in the frequency range of region below the mass law.
Similarly, for the gap of 0.01 mm, the calculation and experiment results also demonstrated similar trends in the frequency range of region below the mass law. Additionally, in the frequency range of region below the mass law there was a frequency band that indicated a clear difference from the case with the gap of 0.02 mm. Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) Next, we focused on Figs. 18 and 19 . The conditions here were as follows: The gasket width l was set at 5 and 8 mm (being equal to half of the difference between the inner and outer diameters) for the gaskets found in Figs. 18 and 19, which were relatively large. In other words, the attenuation in the sound wave that propagated in the gap and the transmission loss were large because of the large gap in the x-direction. Figure 20 shows the measurement results for cases where there were no gaps listed in the conditions found in Fig.  17. Furthermore, Fig. 20 shows the values for the mass law and for the cases where gap size was 0.01 or 0.02 mm. The measurement results for cases where there was no gap coincided with the trends found with the values for the mass law. Additionally, we were able to confirm significant differences between the three experimental values around frequency of 1000 Hz.
Gasket with a 16 mm inner diameter
In this section, we have recorded the results from altering the inner diameter of the gasket in the previous section from 28 to 16 mm. We also set the diameter for the hole in the base disk to 16 mm in accordance with changing the inner diameter for the gasket (refer to Fig. 2 and Table 2) . Figures 21-23 show the results of the comparison of the actual experimental and calculated values. Like as a previous section, gaps that were 0.05 mm or larger in size showed a good agreement with trends for experimental and calculated values.
As shown in Figs. 21-23, the calculated values were found to be smaller than the values for the mass law when the gap size was 0.01-0.02 mm at frequency of approximately 1000 Hz. Therefore, the trends associated with the actual experimental and the calculated values were found to be similar at frequency of approximately 1000 Hz.
The SN ratio for the measuring system was found to be high when the gap size was 0.01 mm in the results found in this section compared to those found in the Figs. 18-19 of the previous section. We have outlined the reasons for this below. On the basis of the conditions as shown in Figs. 21-23 , the widths of the gasket l (which is equal to about half of the difference between the inner and outer diameters) were set to 1, 2, and 3 mm, which are smaller than those found for the corresponding values (3, 5, and 8 mm) from the previous section. Thus, the gap was found to be small in the x-direction, and the transmission loss as well as the attenuation in the sound waves that propagated in the gap were also small. Vol.10, No.4 (2016) In Figures 17-23 , the experimental and the theoretical values differed in certain cases, particularly those of almost all small clearance cases. The main causes of this phenomenon are considered as follows. If the clearance is small, the influence that the test-sample installation error has upon a measurement result is relatively large. Because transmission loss approaches that predicted by the mass law if the clearance is small, the SN ratio of the system of measurement will be insufficient. Despite approximating the values by decomposition, the resulting values are close to the experimental values. Naturally, the average value of this inclined clearance is smaller than 0.06 mm. Therefore, the calculated and experimental values are greater than those for a clearance of 0.06 mm in parallel.
In the case of inclined clearance
A comparison of Fig. 24 with Fig. 25 and/or Fig. 26 with Fig. 27 revealed that the experimental and calculated values were similar despite the difference in the minimum gaps. The experimental and calculation results shown above revealed that acoustic transmission loss for inclined gaps were greatly affected by the maximum gap. This is similar to the fact that, for resistors connected in parallel in an electric circuit, the equivalent resistance is mainly determined by the smallest resistance. This corresponds to the maximum gap.
This shows that our theoretical analysis is valid. Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) 
Practical knowledge
In the previous chapters, there was considerable agreement between the experimental and calculated values, except for a particular condition. Hence, it was reasonable that the acoustic transmission loss immediately around the gap acoustic element T 4 were correctly calculated.
This chapter shows the calculated values for the acoustic transmission loss that started from cross-sectional area S 3 , transmitted the acoustic element T 4 , and reached cross-sectional area S 5 . The acoustic transmission loss in this case is expressed in Eq. 11 (Sasao, 2006) .
(11) Figure 28 shows the acoustic transmission loss calculations immediately before and after the gap. The dimensions of the gaskets used for the calculations were 18 mm (outer diameter) and 16 mm (inner diameter); and 44 mm (outer diameter) and 28 mm (inner diameter). Therefore, the halves of the difference between the inner and outer diameters l in each case were 1 mm and 8 mm, respectively. Excluding the case with a large gap b, there is approximately 10 dB of difference between the two cases of transmission loss. Figure 29 suggests that the change in transmission loss is roughly within 10 dB for l ranging between 1 mm and 8 mm. Sakamoto, Azami, Nitta and Tsukiyama, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) 
Conclusion
In this study, we conducted the first-ever fundamental research related to sound transmission loss through a narrow gap between a metal gasket and flange.
In the experiments, we constructed pipeline elements, including the gap and the leakage path, in the impedance measurement tube.
In the theoretical analysis, we replaced the fluid path, including the gap, with acoustic elements that comprise an electrical equivalent circuit. We then conducted the analysis using the transfer matrix method.
To calculate the attenuation of sound waves propagating through the gap, we considered friction in association with viscosity, primarily in the boundary layers of the inner wall, to derive the characteristic impedance and propagation constant.
The trends between the calculated and the actual experimental values for transmission loss in the entire acoustic system coincided enough with regard to a large gap size range between 0.01 and 0.2 mm. Furthermore, the transmission loss linearly increased with the decreasing logarithm of gap for the calculated regions. Moreover, the theoretical analysis and experimental results show agreement for incline gap conditions between the gasket and flange, despite their calculations being approximated by decomposition. The maximum gap also greatly affects the acoustic transmission loss for the inclined gaps. This was confirmed both by the experimental and the calculated values.
We consider that these results provide fundamental acoustic knowledge specific to the narrow gap between the gasket and flange in an acoustic system.
